Antigen We have devised a procedure, called fiber fractionation (6), that permits both separation and quantitative study of immune cell populations. Cells specific for a given antigen can be removed from the general population, visually quantitated, and characterized with respect to the specificity, number, affinity, and distribution of their surface receptors. In the present paper, we report the use of this method to study antigen-specific populations from the spleens of immune and nonimmune mice.
Lymphoid cells in various stages of maturation differ in the class and specificity of their immunoglobulin receptors, as well as in their biological functions. Fractionation of this heterogeneous population of cells is essential to an understanding of their role in the selective immune response. Useful methods have been described for the fractionation of immune cell populations (1) (2) (3) by the use of antigen-coated beads to bind cells through their surface receptors. Bead columns do not permit direct visualization of the bound cells for quantitation, however, and isolation of a pure population of these cells for further studies is difficult. The detection of antigen-binding by autoradiography and rosette formation (see refs 4 and 5) permits direct quantitation of specific cells but is not convenient for fractionation and subsequent study of the cells.
We have devised a procedure, called fiber fractionation (6) , that permits both separation and quantitative study of immune cell populations. Cells specific for a given antigen can be removed from the general population, visually quantitated, and characterized with respect to the specificity, number, affinity, and distribution of their surface receptors. In the present paper, we report the use of this method to study antigen-specific populations from the spleens of immune and nonimmune mice.
MATERIALS AND METHODS
Cell Suspensions and Immunization. Spleen cells of 2-to 5-month-old Balb/c mice (Jackson Lab., Bar Harbor, Me.), were prepared as described (6) . Sheep erythrocytes were obtained from Microbiological Associates, Bethesda, Md.
Mice were injected intraperitoneally with 200 Ag of antigen prepared with complete Freund's adjuvant or adsorbed onto bentonite (7) . Primary immunization consisted of a single injection. Secondary immunizations consisted of one or two additional injections with bentonite-adsorbed antigen at monthly intervals. In each case, spleens were removed 4-7 days after the final injection.
Preparation of Derivatized Fibers and Beads. Derivatization of nylon monofilaments and meshes was carried out as described (6) . The nylon was incubated for 30 min at room temperature (25°) in a solution containing 0.25 mg/ml Dnp8-BSA (8) , Tosyl2o-BSA, or BSA and 1.25 mg/ml of water soluble carbodiimide [1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluenesulfonate; Aldrich Chemical Co., Milwaukee, Wis.]. The extent of derivatization was determined by use of lu2I-labeled antigen (8) . For coupling of sonicated sheep erythrocyte stroma (9), 2.5 mg/ml of antigen and 12.5 mg/ml of carbodiimide were used.
The Dnp8-BSA derivative of agarose (Sepharose 4B; Pharmacia, Uppsala, Sweden) was prepared by the method of cyanogen bromide activation (3) .
Cell Binding to Derivatized Fibers. Derivatized fibers strung in polyethylene collars were incubated with 108 spleen cells in 4 ml of Hank's balanced salt solution, without NaHCO3 Grand Island Biological Co.) for 1 hr at room temperature on a reciprocal shaker having a 3.3-cm horizontal stroke at 78 oscillations per minute. The fibers were aligned perpendicular to the direction of shaking. Inhibition of binding was accomplished by adding the indicated concentrations of the inhibitor to the cell suspension prior to incubation with the fibers. Unbound cells were removed by immersion of the entire assembly in phosphate-buffered saline (pH 7.4).
Two methods were used to deplete spleen cell populations of specific fiber-binding cells (FBC). 1 g of nylon fiber was cut into 2-to 4-mm segments, derivatized, and placed in a 60 X 15-mm petri dish containing 2.5 X 108 cells in 8 The number of antibody-secreting or plaque-forming cells (PFC) in fractionated cell populations was determined with Tnp-coupled sheep erythrocytes in a modified Jerne assay (7). IgG-secreting cells were assayed in the presence of rabbit antiserum to mouse immunoglobulin, at a dilution of 1:200.
This antiserum suppressed over 90% of the IgM plaques.
RESULTS

Quantitation and specificity of cell binding
The specific binding of mouse spleen cells to an antigenderivatized fiber and mesh is illustrated in Fig. 1 . Various antigens including haptens, proteins and cell membranes were used to derivatize the fibers ( Table 1 ). The cells were firmly attached to the fibers and their number was determined by counting those bound to the edges of a 2.5-cm segment of fiber. This number represented 1% of the total cells bound to dishes containing 25 cm of fiber. High binding capacities could be achieved by the use of fiber meshes (up to 5 X 101 cells/mesh). The number of FBC was not appreciably affected by cell viability as long as over 70% of the cells were living and all cell aggregates were removed.
The binding of cells from immunized and unimmunized mice to antigen-derivatized fibers was specifically inhibited by the presence of the soluble antigen. Unrelated antigen molecules did not inhibit binding ( Table 3 and typical fiberrosettes are illustrated in Fig. 2 . The uniform appearance of the fiber-RFC suggests that antigen receptors are distributed over the entire surface of FBC. About 54% of the FBC from immunized mice and 17% from unimmunized mice were capable of forming rosettes. In contrast, an unfractConated spleen cell population from immune and nonimmune mice contained 3-5% and 0.3-0.4% RFC respectively as determined by the centrifugation-resuspension rosette assay (5) . Since this assay was performed at 40, antibody secreting cells were not detected as RFC (10) . Formation of the fiber rosettes could be inhibited by both I)np-BSA and antiimmunoglobulin, but not by tosyl-BSA (Table 3) . Underivatized sheep erythrocytes did not form rosettes.
Relative number and affinity of receptors on FBC Fiber fractionation allowed a comparison of the number of specific antigen-binding receptors on the surface membranes of cells from immune and nonimmune animals. At saturation, FBC from immunized mice bound 8 X 104 anti-immunoglobulin molecules, whereas those from unimmunized mice bound 2.5 X 105 molecules. These numbers are consistent with the number of molecules bound (about 4 X 104) in experimerits with unfractionated spleen cell populations (11) .
The effect of various free antigen concentrations on the number of spleen cells bound to Dnp-BSA-derivatized fibers is shown in Fig. 3 . The inhibition of binding depends ul)on the fact that the receptors of the cells are blocked by free antigen so that binding to the fiber cannot occur. Once cells are bound to the fibers, however, they cannot be removed by presence of the soluble antigen (6) .
Although the total number of fiber-binding cells detected in single dishes with cell suspensions from immunized mice was only 2-4 times that obtained with nonimmune animals (Fig. 1) , the experiments illustrated in Fig. 3 revealed that the two cell populations differ greatly in their susceptibility to inhibition by Dnp8-BSA. A clear-cut change in the number of cells of higher affinity was found after immunization. In the immune animal, over 60% of the FBC are inhibited by antigen concentrations of less than 4 gg/ml, whereas at the same concentrations, the number of FBC from an unimmunized animal decreases by less than 3%. At higher antigen concentrations the curves are identical. Similar results were obtained with the monovalent antigen, e-Dnp-lysine, as an inhibitor.
Separation of FBC from plaque-forming cells (PFC) and estimation of total FBC
A cell population depleted of specific FBC was obtained by incubation of spleen cells with a large amount of antigenderivatized fiber and collection of the unbound cells. This process removed less than 5% of the total number of cells. When the number of Dnp-specific antibody secreting cells in the unabsorbed and the depleted cell populations was compared by the plaque assay, no difference was observed for both IgG-and IgM-secreting cells from immunized and unimmunized animals. In contrast, incubation of spleen cells with antigen-coated agarose beads (3) under the same conditions resulted in a partial depletion of PFC (Table 4) . The number of cells that bind to fibers can easily be determined by visual inspection (Fig. 1) . Several factors influence the number of FBC, including the valence of the antigen, the surface concentration of antigen molecules on the fiber, the incubation conditions, and the immunological history of the cells.
The precise biological role of FBC has not been defined.
In vivo experiments are in progress to determine whether FBC include precursors of antibody secreting cells and thymusderived cells. These experiments are facilitated by the ability to remove cells from the fibers (6) and to separate FBC from PFC. A substantial proportion (30-50%) of FBC from nonimmune mice are not inhibitable by either antigen or antiimmunoglobulin (Table 2 ). These cells probably represent nonspecific adherence to the fibers, but the possibility that (5, 10) . The relative sensitivity of the antibody assays used must also be considered. A striking aspect of our results is the high percentage of F13C found in nonimmune animals. During the course of immunization the number of FBC in a mouse spleen increased by a factor of only 2-4 ( Fig. 1) . However, the same animals showed 15-and 600-fold increases when assayed by the rosette and indirect plaque assays, respectively. The low amplification of the total specific FBC poIpulation after immunization is due to the detection, in both immunized and Fiber Fractionation of Cells unimmunized animals, of a relatively large number of FBC that are neither RFC nor PFC. Additional experiments are required to prove that the surface immunoglobulin mediating the specific binding of a cell to a fiber is actually synthesized by that cell and is not passively adsorbed. The latter possibility seems unlikely for FBC from unimmunized animals, however.
A comparison of the percentages of RFC and fiber-RFC allows an estimate of the enrichment of specific antigenbinding cells by fiber fractionation. From 0.3 to 0.4% of the spleen cells from an unimmunized mouse are RFC and 70% of these cells are capable of binding to the fibers. In immunized animals, the number of RFC reached 3-5%. In contrast, fiber-fractionated cells from unimmunized and immunized mice contain 17 and 54% fiber-RFC, respectively. The enrichment, therefore, ranges from 14-to 50-fold.
The percentage of FBC in an unfractionated cell population can be estimated by multiplying the percentage of RFC in this population by the ratio of FBC to fiber-RFC after fractionation. Assuming that rosette formation is equally efficient in both methods, and given the fact that 70% of the unfractionated RFC are also FBC, the spleen cells from an unimmunized animal are estimated to contain 1. (12, 13) .
Indirect evidence for this suggestion was obtained in experiments to determine the effect of antigen concentration on the inhibition of FBC from immune and nonimmune animals (Fig. 3) . The dependence of binding upon free antigen concentration may result from variation in either the binding constants of the receptors or the number of receptors per cell. Two observations appear to exclude the latter possibility: (a) the number of anti-immunoglobulin molecules bound to fiber-fractionated cells from unimmunized mice (2.5 X 105/cell) was somewhat higher than that found with cells from immunized mice (8 X 104/cell). Although these results do not account for possible differences in the classes of immunoglobulin receptors (e.g., IgG versus IgM), it is evident that immunization does not result in a large increase in the number of receptors per cell. (b) The inhibition curves obtained with the monovalent antigen e-Dnp-lysine were similar to those obtained with the multivalent Dnp8-BSA inhibitor. If immunization had resulted only in an increase in the number of receptors, then the binding of cells from nonimmune animals should have been inhibited by lower concentrations of monovalent inhibitor.
The fact that 1% of the spleen cells from an unimmunized animal can bind to a single antigenic determinant would pose a serious paradox if it is found that FBC include a significant number of precursor cells. Can the immune system commit so many precursor cells to a single antigen and also maintain a large enough library of specificities for proper function? Our results suggest that although many cells can bind the antigen to some extent, only a few cells with receptors having sufficiently high binding constants actually respond. The remaining cells may also be capable of binding to other antigens, some of which may bind strongly enough to cause triggering.
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